Graphene spin diode: Strain-modulated spin rectification
Yunhua Wang, Yulan Liu, and B. Wang

Citation: Appl. Phys. Lett. 105, 052409 (2014); doi: 10.1063/1.4892453
View online: https://doi.org/10.1063/1.4892453

View Table of Contents: http://aip.scitation.org/toc/apl/105/5

Published by the American Institute of Physics

Articles you may be interested in

Strain-tunable Josephson current in graphene-superconductor junction
Applied Physics Letters 103, 182603 (2013); 10.1063/1.4828567

Goos-Hanchen-like shift in biased silicene
Journal of Applied Physics 119, 164304 (2016); 10.1063/1.4947268

Spin-valley splitting of electron beam in graphene
AIP Advances 6, 115215 (2016); 10.1063/1.4968180

Spin-dependent thermoelectric effects in graphene-based superconductor junctions

Journal of Applied Physics 121, 063903 (2017); 10.1063/1.4976005

Valley and spin thermoelectric transport in ferromagnetic silicene junctions
Applied Physics Letters 104, 202401 (2014); 10.1063/1.4876927

Spin-current diode with a ferromagnetic semiconductor
Applied Physics Letters 106, 182407 (2015); 10.1063/1.4920988

4 | ake Shore

CRYOTRONICS

for accurate, repeatable

material measurements



http://oasc12039.247realmedia.com/RealMedia/ads/click_lx.ads/test.int.aip.org/adtest/L16/462534124/x01/AIP/Lakeshore_APL_PDF_1640x440_Nov_7-13_2018/Lakeshore_APL_PDF_1640x440_probe-stations_Nov_7-13_2018.jpg/57343534786c76496673344143484669?x
http://aip.scitation.org/author/Wang%2C+Yunhua
http://aip.scitation.org/author/Liu%2C+Yulan
http://aip.scitation.org/author/Wang%2C+B
/loi/apl
https://doi.org/10.1063/1.4892453
http://aip.scitation.org/toc/apl/105/5
http://aip.scitation.org/publisher/
http://aip.scitation.org/doi/abs/10.1063/1.4828567
http://aip.scitation.org/doi/abs/10.1063/1.4947268
http://aip.scitation.org/doi/abs/10.1063/1.4968180
http://aip.scitation.org/doi/abs/10.1063/1.4976005
http://aip.scitation.org/doi/abs/10.1063/1.4876927
http://aip.scitation.org/doi/abs/10.1063/1.4920988

APPLIED PHYSICS LETTERS 105, 052409 (2014)

@ CrossMark
& click for update

Graphene spin diode: Strain-modulated spin rectification
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Strain effects on spin transport in a ferromagnetic/strained/normal graphene junction are
explored theoretically. It is shown that the spin-resolved Fermi energy range can be controlled by
the armchair direction strain because the strain-induced pseudomagnetic field suppresses the
current. The spin rectification effect for the bias reversal occurs because of a combination of
ferromagnetic exchange splitting and the broken spatial symmetry of the junction. In addition,
the spin rectification performance can be tuned remarkably by manipulation of the strains. In
view of this strain-modulated spin rectification effect, we propose that the graphene-based
ferromagnetic/strained/normal junction can be used as a tunable spin diode. © 2074
AIP Publishing LLC. [http://dx.doi.org/10.1063/1.4892453]

As a result of a weak intrinsic spin-orbit and hyperfine
interactions,'? the spin coherence length in graphene has
been experimentally determined to be more than 1 um at
room temperature.” This ultra-long spin coherence length
combined with the unique electronic structure means that
graphene has attracted considerable attention from research-
ers in the fields of quantum transport and spin electronics
applications. For practical implementation of graphene-
based spintronics, two important problems, as demonstrated
in semiconductor-based spintronics,*> must be addressed.
The first is how to inject and probe the spin in graphene, and
the second is how to manipulate the spin transport in the gra-
phene nanostructures and achieve practical application of
these graphene nanostructures in spin electronic devices.

Three approaches have been presented to address the
first problem, and are described as follows: (1) Spin is exper-
imentally injected by ferromagnetic metal electrodes depos-
ited on the graphene and separated by a tunneling barrier to
enhance the injection efficiency, and spin is also detected by
non-local spin valve measurements;® ! (2) Theoretical
calculations predict that graphene nanoflakes can induce
magnetic correlations as a result of their reduced dimensions
and edge effects,'>'? and a zigzag graphene ribbon that has
been subjected to an in-plane electric field has complete spin
polarization because of its half-metallic phase;'*'> (3)
Ferromagnetic graphene can be induced by a proximity
effect between a ferromagnetic insulator and graphene,'® and
this proximity-effect-induced ferromagnetism has also
been demonstrated experimentally.'”'® Recent work on the
second problem has addressed the spin transport in some
typical graphene-based nanostructures, including the gate-
induced quantum dot,'® the ferromagnetic/barrier(ribbon)/
ferromagnetic junction®>*' and ferromagnetic barriers.”* The
gate-induced quantum dot may be applied in quantum com-
puting, because of its advantageous spin qubits. The ferro-
magnetic/barrier (ribbon)/ferromagnetic junction, as a spin
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valve structure, may be used as a memory device, because of
its large magnetoresistance effects. The ferromagnetic bar-
riers may be designed as spin filters or spin splitters, because
of their gate-controllable spin-resolved transport. However,
there have been few studies of graphene spin diodes to
date,” The spin diode, as an analogous version of the con-
ventional charge diode, is an important spintronic compo-
nent, where the spin polarization p = (I} +1))/(l; — 1))
with respect to the bias (V) reversal, can be rectified (i.e.,
p(=Vy) # p(Vp)). A high-performance spin diode would
require a remarkable spin rectification effect (i.e.,
p(£V,) — 0, whereas p(+V}) =~ C, where C is a relative
maximum value).

Recently, mechanical strain has been applied to modu-
late the electronic structures and transport in graphene nano-
structures”* > by virtue of the anisotropic group velocity
and the pseudomagnetic field that result from the strain-
induced Dirac cone deformation and the K (K’) point
displacements, respectively. Not only can reversible and
controlled strains in graphene be realized using an atomic
force microscope (AFM) tip** or suitable substrate pattern-
ing, > but the strain-induced changes in the electronic and
optical properties of graphene can also be measured quantita-
tively by Raman spectroscopy.”®*’ As a result, mechanical
strain has been shown to provide an important way to mani-
pulate the electronic transport in graphene nanostructures. In
this Letter, we report a strain-manipulated spin diode based
on a ferromagnetic/strained/normal graphene junction, where
the ferromagnetic exchange field and the broken spatial sym-
metry of the junction result in spin rectification, and the spin
rectification performance can be tuned by adjusting the
strain.

Hamiltonian, wave functions, and spin-dependent cur-
rents: We consider a ferromagnetic/strained/normal gra-
phene junction, where a uniaxial strain is applied inside the
middle region (S), and ferromagnetic and normal metal elec-
trodes are deposited on the left () and right (V) regions,
respectively, as shown in Fig. 1(a). The ferromagnetism in
region F is induced by the proximity effect between the EuO

© 2014 AIP Publishing LLC
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electrode and the graphene, as demonstrated by recent
experiments.'”'® In the presence of a bias, V,, a linear volt-
age drop with a dropping factor of =V,/W will occur
because of the uniform in-plane electric field between the
left and right electrodes.”® Because of the potential Vi

ﬁF,ﬂ = VF(axpx + aypy) - 77Hex6:07
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induced by the strain or by an additional gate in the middle
region with width W, the potential barrier V, will lift the lin-
ear voltage drop completely, as shown in Fig. 1(b). In this
graphene-based system, the excitation quasiparticles are
described by the effective Hamiltonian as follows:

As = veU' (0)[7,(1 — Jxe)igy + Gy(1 — 2e)hig,)U(0) + (Vo — Bx)Go, )

Hy = VF(axPx + aypy) — V0o,

where &, and &, are the Pauli spin matrices, vy ~ 10°m - s~!

is the Fermi velocity, # is 1(—1) for up (down) spin orientation,
H,, is the exchange field, and & is the identity matrix. For the
strain-dependent Hamiltonian,™** 0 is the angle between the
strain direction and the graphene zigzag direction (labeled as
the x-direction), U(0) = diag (1, e ") is the unitary matrix, and
o = ([1/Vipal|dVipr /dl|)| 1=y, — 1 =22 is a factor that
depends on the bond length / and the hopping integral function
Vpr(l) = —2.7¢3370/@=1) between two neighboring carbon
p orbitals;*%3? Jy = —pAy = —0.308 with Poisson’s ratio
1w=0.14, ¢ is the magnitude of the strain, and ¢ =(q,, qy)T
measures the wave vector displacement ¢p = *[rpe(l +
W) cos30/ag, —roe(1 + u) sin30/ag] (Refs. 32 and 33) from
the shifted Dirac points, where 1y~ 1.6 and ay=0.142nm is
the C-C distance. The energy gap is not considered here
because the magnitude of the strain applied in this work is lim-
ited to within 20%, where the gap cannot be opened up.*' It is
convenient to simplify the notations of all quantities by intro-
ducing dimensionless units with a basic length scale
Lo = 81.8nm and a corresponding energy scale Ey = hvg /Ly
~ 8.113 meV. Taking the conservation of k, into account and
using Eq. (1), we can write the wave functions of these par-
ticles that are moving along the *x directions in all regions as

U (x,y) = ¥~ (x)e™?, where Y™ £, (x) and Y~y (x) satisfy

{ ‘I’iF.n(x) _ etiknx(l7 igy,ei”n)T,

\I’iN(x) — eiik,@(]7 ixeti(p)T,

2

‘ Substrate
Spin down
* 0
H, |
___________ v,
Spin up W

FIG. 1. (a) Spin diode model of the ferromagnetic/strained/normal graphene
junction and (b) the corresponding conduction-band edge profiles, where H,,
is the exchange field, V), is the potential, V), is the bias, and W is the width of
the strained region.

where 9, = sin~' (ky/|E + nHex|),  ky = |E + nHe| cosy, .
gy = sen(E + nH,y), ¢ = sin” ' (k,/|[E +V,|), ke = [E+V,
cos @, and y = sgn(E + V,). Because of the linear voltage
drop, the boundary of the potential barriers and the smooth-
ness of the strain, the wave functions in the entire middle
region are no longer plane waves. It is convenient to separate
this middle region into a series of reasonably narrow layers
with a uniform width of a = W/N > ay, where N is the
number of narrow layers. A reasonable width ensures that
the wave functions inside each narrow layer can be viewed
approximately as a plane wave

Ws(x) = e et )T 3)

with different longitudinal wave vectors of k,; = (1—/1,‘-8)71
|E + Vo — pxj| cos ¢; in the jth narrow layer (j = 1, 2,...,N),
where @; = sin”'[(k,—qpy)/|E + Vo — Bxj|] and s; =sgn
(E + Vo — Px;). By assuming that the incident quasiparticles
have normalized probability densities, we can write the total
wave functions in the corresponding regions as

Vry (¥) = Wi, (0)/V2 + iz, (1) /V2,
Vs (0) = @i (0)/ V2 + bjlrg (%) / V2, “4)
Py (x) = t,,\/k,,(E + Vi) /ke(E + 11Hex)\|ljv'(x)/\/§,

where 7, and 7, are the reflection and transmission coeffi-
cients, respectively, and a; and b; are unknown complex
coefficients that both contain a factor of the strain-changed
group velocity.”*> The factor \/k,(E + V})/k(E + nHex)
guarantees probability current normalization and the spin-
flip is assumed to be quite weak because of the ultra-long
spin coherence length.'®'"~?* To guarantee the requirements
of the continuity equation, these wave functions must be
continuous at any boundary. Therefore, based on the conti-
nuity of J(x), we can obtain the reflection and transmission
coefficients. By taking all possible particle trajectories into
account, we can write the spin-dependent current as

+oo +7/2 )
J (E, 732 Vir ) PIE + H o

1y /1o :J |ty
—-n/2

x [f(E — Er) — f(E — Er + V})] cos y,dEdy,, (5)

—00

where f(x) = 1/(e*/%T + 1) is the Fermi-Dirac distribution
function, and Iy = 2evgL,/(2nfive)” is the current unit with
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y-direction width L, and a factor of 2 because of the valley
degeneracy. The spin polarization 1is defined by
p=W+1)/( —1)).

Strain effects on the spin-resolved Fermi energy range:
Figure 2 shows the spin-dependent current as a function of
the Fermi energy Ep. To ensure that the electron density of
states agrees well with that of a real system, some valid pa-
rameter values were used: W=1, Vy=6, N=20,
Vy = 10/Ey, kgT = 0.5/Ey, and H,, = 5/E,, where H,, =
5/Eq and kgT = 0.5/E reflect the typical exchange splitting
field and the temperature of liquid helium, respectively.
First, we investigate the spin-resolved Fermi energy range,
where the spin-splitting currents occur without applied strain
(i.e., €=0%). From Figs. 2(a) and 2(b), we can clearly see
that the spin-up current nearly agrees with the spin-down
current when Er > V), and the spin-up current is obviously
different to the spin-down current when Ep < V. This
means that the spin-resolved currents occur only when
Ep <Vy if strain is never applied to the structure.
Physically, classical tunneling for Ep > V| leads to nearly
the same transmission for the spin-up and spin-down elec-
trons, while Klein tunneling for Er < V| leads to remarkably
spin-resolved transmissions for both spin-up and spin-down
electrons.>® This combination of classical tunneling and
Klein tunneling therefore ultimately restricts the spin-
resolved Fermi energy range to Er < V.

We also investigate the strain effects on the spin-
resolved Fermi energy range. In this work, we consider dou-
ble typical direction strains including the zigzag (0 = 0) and
armchair (6 = 7/2) directions. For comparison with the spin-
dependent currents without applied strain, we use the identi-
cal values for W, V, V,,, kgT, and H,,. Figure 2(a) shows that
the zigzag direction strain can tune the spin-splitting currents
but that it has no effect on the spin-resolved Fermi energy
range. However, with increased armchair direction strain, the
previous spin-resolved Fermi energy range of Ep <V is
obviously suppressed, and even becoming a current gap, and
then finally moves towards Er > Vj, as shown in Fig. 2(b).
Physically, one remarkable difference between the effects of
the zigzag and armchair direction strains is that they have
completely different Dirac point displacements, which can
introduce pseudomagnetic fields that suppress the cur-
rent.”** The Dirac point under the zigzag direction strain

Appl. Phys. Lett. 105, 052409 (2014)

never shifts with gp, = 0, while the Dirac point displacement
increases dramatically under enhanced armchair direction
strain, with —gp, ~ 84.55¢. Therefore, the change in the
spin-resolved Fermi energy range under armchair strain is a
result of the strain-induced Dirac point shift. This means that
we can adjust the armchair direction strain to control the
spin-resolved Fermi energy range.

Spin-dependent I-V curves and strain effects on the spin
polarization: Next, we investigate the spin-dependent /-V
curves (i.e., the current-bias curves), which can decide
whether the ferromagnetic/strained/normal graphene junc-
tion presented here has spin rectification (diode) effects (i.e.,
p(=Vy) # p(Vp)). If we consider that the spin-resolved
Fermi energy range for the zigzag direction strain is within
Er <V, while that for the armchair direction strain moves
towards Er > Vj, we can then take the Fermi energies to be
Er=25 and Er=9.5 for the zigzag and armchair strains,
respectively. The structural parameters are identical to those
used in Fig. 2. The spin-dependent current-bias curves
obtained using these values are plotted in Fig. 3. It is clearly
shown that, in the presence of a positive bias, the spin-
resolved currents always occur, while under negative bias,
the spin-splitting of the currents is very weak. This demon-
strates that the ferromagnetic/strained/normal graphene junc-
tion has an obvious spin rectification (diode) effect. The spin
rectification effect is a result of the spatial structural asym-
metry induced by the left ferromagnetic electrode and the
right metal electrode. In other words, the broken spatial sym-
metry combined with the lifted spin degeneracy from the
ferromagnetic exchange field results in a spin rectification
effect with respect to the bias reversal. In addition, in Fig. 3,
we can see that both of the zigzag and armchair direction
strains provide obvious tunability of the spin-splitting cur-
rents. Usually, for a spin diode structure, such as the ferro-
magnetism/quantum-dot/metal  structure,>’ the diluted
magnetic semiconductor heterostructure,”® the ferromag-
netic/molecular wire/metal structure,®® and the asymmetrical
spin-orbit coupling electron waveguide structure, either a
gate-controlled voltage or a magnetic field is applied to tune
the spin rectification effect. This Letter shows that the me-
chanical strain can also be used to manipulate the spin recti-
fication effect in a spin diode based on the ferromagnetic/
strained/normal graphene junction.

(b)

Armchair direction strain

FIG. 2. Spin-up (solid line) and spin-
down (dashed line) currents as a func-
tion of the Fermi energy E, for W=1,
Vo=6, N=20, V,=10/Ey, kgT
=0.5/Ey, and H,. =5/Ey. (a) The
effects of zigzag direction strain for
e=0%, 5%, 10%, and 15% along the
direction of the arrow. (b) The effects
of the armchair direction strain for
e=0%, 0.5%, 0.8%, and 1.1% along
the direction of the arrow.
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FIG. 3. Spin-up (solid line) and spin-
down (dashed line) current-bias (/-V)
curves for W=1, Vy=6, N=20,

kgT = 0.5/Ey, and H,. = 5/E,. Left
panel: effects of the zigzag direction
strain  with Ep=2.5; Right panel:
effects of the armchair direction strain
with E=9.5.

—_—=5% —&=04%
7
0.2} ———e=10% [ 1 02f  ===z=05%
’
""""" £=15% ,’

1
—img = 20%F
14

0.15f

0.05¢

Iz

FIG. 4. Spin polarization as a function
of the bias V), for the same parameters
that were used in Fig. 3. (a) Effects of
the zigzag direction strain with
Er=2.5. (b) Effects of the armchair
direction strain with Ez=9.5.

In Fig. 4, to demonstrate the strain effects on the spin
polarization in the graphene spin diode, we present the spin
polarization as a function of the bias under different strain
magnitudes. In the figure, we can clearly see that the spin
polarizations show typical asymmetry for the contrary bias,
ie., p(=Vy) # p(Vy). In Fig. 4(a), with increasing zigzag
direction strain, the asymmetrical bias peaks move towards
the higher voltage range. This means that we can adjust the
zigzag direction strain to control the spin rectification bias
range. In Fig. 4(b), with increasing armchair direction strain,
the spin rectifications are dramatically enhanced. It is also
possible to reduce the spin rectifications under the armchair
direction strain (although it is not shown in this Letter).
Therefore, we must carefully manipulate the armchair direc-
tion strain to strengthen the spin rectifications. Finally, in
real situations, some of the boundary effects of the potential
barriers and the smoothness of the strain always have
obvious effects on the spin-resolved currents, while we can
also find that the strain-modulated spin rectifications are
maintained by adopting a typical potential profile and a
strain profile.>

In summary, we have explored the effects of strain on
the spin-resolved currents and spin polarizations in a ferro-
magnetic/strained/normal graphene junction as a function of
the Fermi energy and the bias voltage. We found that the

spin-resolved Fermi energy range can be changed by the
armchair direction strain through the strain-induced Dirac
point displacement. The spin rectification effect with respect
to the bias reversal occurs because of the broken spatial sym-
metry induced by the ferromagnetic and metallic electrodes
used in this junction. In addition, it is shown that the spin
rectification effect can be adjusted remarkably by manipulat-
ing the zigzag and armchair direction strains. On the basis of
this strain-modulated spin rectification effect, we propose the
use of the ferromagnetic/strained/normal graphene junction
as a tunable spin diode.
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